Abstract Brain cell loss has been reported in subjects with alcoholism. However, the molecular mechanisms are unclear.
Introduction
Alcoholism is a major psychiatric condition as long term heavy ethanol consumption results in neuropsychological difficulties that affect physical health and memory along with social, family, and job responsibilities (Rodgers et al. 2000; Caldwell et al. 2002) . Reduced volume of brain tissue, increased brain damage accompanied by cognitive deficits, and low densities of neuronal and glial cells have been reported in brains from human subjects with alcohol dependence (Kril and Halliday 1999; Brooks 2000; Miguel-Hidalgo et al. 2002; Prendergast 2004; et al. 2006; Prendergast and Little 2007) . Ethanol also induces neuronal cell death and cell cycle delay in cell model systems in vitro (Luo et al. 1999; Chen et al. 2006) and causes neurotoxicity and brain lesions in animal models (Pfefferbaum et al. 2007; Choi et al. 2008) . However, the molecular mechanism underlying the ethanolrelated brain damage is not yet clear.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is a multifunctional protein that catalyzes and breaks down glucose with the release of energy and carbon. Apart from this traditionally described role, GAPDH has been recently implicated in several non-metabolic processes including transcriptional activation and initiation of apoptosis. GAPDH is known to translocate into the nucleus and mediate stress signaling, resulting in cellular dysfunction and death (Ishitani et al. 1996; Chen et al. 1999; Chuang et al. 2005; Hara et al. 2005; Bae et al. 2006; Sen et al. 2008 ). Furthermore, the protein level of GAPDH was not only increased in the prefrontal cortex (PFC) of human brains from alcoholics (Alexander-Kaufman et al. 2006 ), but also elevated in rat brains that were exposed to ethanol (Ou et al. 2009b ). However, the molecular mechanism for the observed GAPDH-mediated damage in alcoholism remains unclear. Recently, we identified a possible mechanism by which GAPDH may interact with the transcriptional activator, transforming growth factor-beta-inducible early gene 2 (TIEG2) to augment TIEG2-mediated monoamine oxidase B (MAO B) activation, resulting in neuronal cell injury as a result of exposure to ethanol (Ou et al. 2009a, b) . Therefore, TIEG2 appears to be the target of the stress sensor, GAPDH (Ou et al. 2009b) .
MAO B has also been implicated in alcoholism (Carlsson et al. 1980) . This enzyme degrades a number of biogenic amines (such as phenylethylamine, tyramine, tryptamine, and dopamine) and generates inert hydrogen peroxide (H 2 O 2 ), which can interact with iron, initiating Fenton's reaction to produce reactive hydroxyl radicals that cause cellular dysfunction and death (Youdim et al. 2004; Gerlach et al. 2006 ). An MAO B transcriptional activator, TIEG2, induces MAO B expression by interacting with the core promoter region of the enzyme (Ou et al. 2004) . TIEG2 reportedly inhibits cell growth (Cook et al. 1998) and induces apoptosis in murine oligodendroglial cells (Wang et al. 2007) . We have recently reported that GAP-DH interacts with TIEG2 and augments TIEG2-mediated MAO B activation and subsequent cell damage in neuronal cells exposed to ethanol (Ou et al. 2009a) . Thus, the GAPDH-TIEG2-MAO B cascade may play a prominent role in cell dysfunction and damage. However, whether ethanol could increase the levels of both TIEG2 and MAO B simultaneously in the brain has not yet been studied.
In this study, we investigated whether chronic ethanol exposure increased levels of both TIEG2 and MAO B in the PFC of ethanol-preferring rats. This ethanol-preferring line of rats is a long-standing, reputable choice as an excellent animal model for investigating the effects of alcoholism (Li et al. 1979; Waller et al. 1984) .
Materials and Methods

Materials
Male ethanol-preferring Wistar rats [weighing 180-220 g, from the Indiana University Alcohol Research Center (Li et al. 1979) ] were fed with an ethanol diet or control diet (Dyets, Bethlehem, PA). The Lieber-DeCarli ethanol diet was purchased from Dyets (Bethlehem, PA). Antibodies were obtained from the following sources: mouse anti-TIEG2 (BD, Franklin Lakes, New Jersey); mouse anti-Bcl 2 (Santa Cruz Technology, Santa Cruz, CA); and rabbit anti-active caspase 3 (ABCAM, Cambridge, MA). Restore PLUS Western Blot Stripping Buffer was purchased from Fisher. The SYBR supermix kit for quantitative real-time RT-PCR was purchased from Bio-Rad Laboratories (Hercules, CA).
Animal Care, Group Size and Feeding All protocols for the animal experiments described in this study were carried out according to the Ethical Guidelines on Animal Experimentation and were approved by the Animal Usage Committee at the University of Mississippi Medical Center. Ethanol-preferring Wistar rats were housed in individual cages in a temperature-and humiditycontrolled room with a 12:12-h light-dark cycle. The standard group size in our studies (control group and treatment group) was 10 per group. Rats were randomly assigned to each experimental group. The number of rats (10/group) was based on our preliminary data and is considered to be a sufficient quantity to power the studies to obtain significant results.
Rats were acclimatized for 3 days after arrival and provided free access to Purina rat chow and water. Rats were then allowed free access to the liquid diet without ethanol for 3 days and then randomly assigned to the ethanol-fed or control groups. The liquid ethanol diet contained increasing amounts of ethanol until a final diet containing 36% of calories from ethanol (6.4% EtOH) was achieved as follows: no EtOH for 3 days, followed by 2.5% for 3 days, then 5.0% for 5 days, and finally 6.4% for 17 days. This final diet containing 36% of calories from ethanol (*14 g EtOH/day/kg rat) achieved a blood ethanol concentration of less than 50 mM (Kalev-Zylinska and During 2007). The liquid ethanol diet (#710260) was purchased from Dyets Inc. (Bethlehem, PA). In the ethanol diets, glucose was isocalorically substituted with ethanol according to the Lieber-DeCarli diet formulae following the manufacturer's instructions. The control rats were fed a glucose liquid diet (without ethanol; #710027, Dyets) that contained the same amount of calories that their ethanolfed pair had consumed (Ou et al. 2009b) .
The ethanol concentrations used in this study (less than 50 mM) are within the range that results in the physiological effects observed in alcoholics (Henriksen et al. 1997; Yao et al. 2001) .
Sacrifice
All rats, in the ethanol-fed and control groups, were killed by decapitation on day 29, and the PFC was immediately removed and stored at -80°C until used. The PFC was chosen in our studies because alcohol-use disorders have been shown to reduce PFC volume compared to healthy controls (Paul et al. 2008 ) interfering with executive function. The protein levels of TIEG2, Bcl 2, active caspase 3 and MAO B mRNA, and catalytic activity were determined as described below.
Tissue Preparation
The PFC from each animal was homogenized on ice with a 0.5 ml solution containing 1 mM EDTA, 10 mM Tris-HCL (pH 7) and fresh protease inhibitors (19 Protease Inhibitor Cocktail, Sigma). The resulting homogenate was briefly stored on dry ice for *10 min, thawed and centrifuged at 4°C (12,500 rpm) for 5 min in a microcentrifuge. The supernatant was then stored at -80°C until used. Protein concentrations of the homogenized samples were calculated using the BCA Protein Assay Kit (PIERCE).
Western Blotting
Thirty micrograms (or 40 mg for active caspase 3) of total protein for each rat were separated on 10.5% SDS-polyacrylamide gels by electrophoresis and transferred to PVDF membranes in a BioRad mini tank apparatus. After transfer, the membranes were blocked at room temperature for 1 h with 5% nonfat dry milk. Following blocking, membranes were incubated with the respective primary antibody, mouse anti-TIEG2 (1:500) or anti-Bcl 2 (1:500) or rabbit anti-active caspase 3 (1:250), overnight at 4°C. After incubation with the appropriate secondary antibody (Santa Cruz) for 2 h, the bands were visualized by horseradish peroxidase reaction using SuperSignal Chemiluminescent Substrate (PIERCE). As a control for sample loading, the same blot, after having been immunostained with TIEG2, Bcl 2 or active caspase 3, was stripped for 20 min at room temperature in Restore Western Blot Stripping Buffer (Fisher) and then re-probed with mouse anti-actin primary antibody at 1:2500 overnight at 4°C.
The relative intensity (relative optical density 9 pixel area) of the autoradiographic bands from western blotting was determined using a gel analysis software and computer-assisted image analysis system (Ou et al. 2001) . Pairs of rat subjects were immunoblotted on the same gel with duplicates on separate gels. Linear regression was used to plot a standard curve for each gel, from which relative optical density (ROD) values of the samples were converted to cortical standard protein units for each experimental sample for each gel (Ou et al. 2009b ). The level of TIEG2, Bcl 2 or active caspase 3 protein was defined as the ratio of the optical density value of the TIEG2, Bcl 2 or active caspase 3 band to the optical density value of each prospective actin band expressed as a ratio of [protein of interest]/[actin]. Duplicate optical density ratios were obtained for each sample and averaged. The anti-TIEG2 antibody recognizes a protein band of 72 kDa, the anti-Bcl 2 antibody recognizes a band of 26 kDa and the anti-active caspase 3 antibody recognizes a band of 20 kDa.
Quantitative Real-Time RT-PCR Total RNA was isolated from the rat PFC using TRIzol reagent (Invitrogen; *50 mg tissue/1 ml TRIzol) following manufacturer's instructions. The mRNA was then reverse-transcribed into cDNA using SuperScript Ò III Reverse Transcriptase (Invitrogen). MAO B mRNA levels for the ethanol-treated group and untreated control group were analyzed by quantitative real-time RT-PCR using a Bio-Rad iCycler system. Specific primers used for the rat MAO B are as follows: sense, 5 0 -GGGGGCGGCATCT-CAGGT-3 0 and antisense, 5 0 -TCAGCCGCTCAACTT-CATTCACTT-3 0 . Real-time RT-PCR was performed with a SYBR supermix kit, and 18S Ribosomal RNA primer was used as an internal control in every plate to avoid sample variations. The values were calculated as described previously (Ou et al. 2004 ).
MAO B Catalytic Activity
One hundred microliters of total protein (*100 lg of protein) were incubated with 10 lM 14 C-labeled phenylethylamine (Amersham) in 900 ll of assay buffer (50 mM sodium phosphate buffer, pH 7.4) and incubated at 37°C for 20 min; the reaction was stopped by the addition of 100 ll of 6 N HCl. The reaction products were then extracted with toluene and centrifuged at 2500 rpm (8009g) for 7 min. The organic phase containing the reaction product was extracted and quantified by liquid scintillation spectroscopy (Ou et al. 2004 ).
Statistical Analysis
Student's t-test was used for experiments with the two groups, and a value of P \ 0.05 was considered statistically significant.
Results
Increased Expression of TIEG2 in Rats Treated with Physiologically High Levels of Ethanol
Because alcohol-use disorders have been shown to reduce PFC volume as compared to healthy controls (Paul et al. 2008) , to examine the role of TIEG2, the target of the stress sensor GAPDH (Ou et al. 2009b) , in the brain's response to ethanol, we fed rats an ethanol liquid diet or control diet for 28 days, and examined the protein level of TIEG2 in the PFC. Results from western blot analysis showed significant induction of TIEG2 in the PFC of rats exposed to ethanol (Fig. 1) . Ethanol increased the average protein level of TIEG2 by~1.6-fold compared to control rats ( Fig. 1b , P \ 0.05). Actin was used as loading control. As shown in Fig. 1a , actin levels were not affected by ethanol.
The increases in TIEG2 by ethanol in rat brains suggest that TIEG2 may play an important role in alcohol-related brain damage.
Ethanol Increased MAO B mRNA Level and Catalytic Activity in Rats with Chronic Ethanol Exposure TIEG2 protein is significantly increased in rats fed with physiological concentrations of ethanol and because TIEG2 is a transcription factor that activates MAO B expression by interacting with its core promoter region (Ou et al. 2004 ), we, therefore, hypothesized that rat brain MAO B levels would be increased as well. MAO B mRNA levels ( Fig. 2a) and catalytic activity (Fig. 2b) were determined in the rat PFC by quantitative real-time RT-PCR and enzymatic activity assay, respectively. As shown in Fig. 2a , the level of MAO B mRNA was increased by 3.5-fold in the ethanol-treated group compared to the untreated control group (P \ 0.01). We also observed a significant increase (by *1.37-fold) in MAO B enzymatic activity in the PFC of rats treated with ethanol as compared to controls ( Fig. 2b ; P \ 0.02).
Reduced Expression of Anti-Apoptotic Bcl 2, but Increased Expression of Apoptotic Protein Active Caspase 3, in Rats Treated with Physiologically High Levels of Ethanol
To test whether ethanol could induce apoptosis in rat brains, we determined the expression of both the antiapoptotic protein, Bcl 2 and the apoptotic protein, active caspase 3. Results from western blot analysis showed significant reduction of Bcl 2 in the PFC of rats exposed to ethanol (Fig. 3) . Ethanol decreased the average protein level of Bcl 2 by~41% compared to control rats ( Fig. 3b , P \ 0.02). Similarly, as shown in Fig. 3a , actin levels were not affected by ethanol.
Furthermore, the western blot analysis showed significant increase in active caspase 3 in the PFC of rats exposed to ethanol (Fig. 4) . Ethanol increased the average protein level of active caspase 3 by~1.8-fold compared to control rats ( Fig. 4b , P \ 0.05). Fig. 1 The effect of ethanol on the expression of TIEG2 protein. Rats were fed with an ethanol diet or control diet for 28 days, and the protein levels of TIEG2 in the prefrontal cortex were examined by Western blotting. a Representative western blots showing the immunolabelling of TIEG2 in the prefrontal cortex of 3 untreated controls and 3 ethanol-treated rats. The anti-actin antibody was used as the loading controls. b Quantitative analysis of western blot results. Each TIEG2 protein band was evaluated by the relative intensity (relative optical density 9 pixel area) of its autoradiographic band and normalized to the density of actin. The graph of the average optical density of TIEG2/actin for the individual subjects (circles or triangles) and mean values (horizontal lines) are shown with 10 rats (n = 10) for each the control group (circles) and the ethanol-fed group (triangles). Expression of TIEG2 is significantly increased in the ethanol-treated group as compared to the untreated control group (P \ 0.05)
The decrease in anti-apoptotic Bcl 2 and increase in apoptotic caspase 3 in rat brains upon ethanol exposure suggest that ethanol induces apoptosis that may be mediated by an increase in the TIEG2-MAO B cell death cascade in the PFC of rats exposed to ethanol.
Discussion
In the present study, we demonstrate that our newly proposed mechanism of the ethanol-elicited TIEG2-MAO B cascade is significantly increased in the rat model of alcoholism. This suggests that the TIEG2-MAO B cascade may be involved in the ethanol-induced brain cell death observed in this study. Thus, this study demonstrates the suitability of using chronic ethanol feeding of rats (ethanolpreferring rats) as a model to study the molecular mechanism of ethanol-induced brain tissue damage.
The transcription factor, TIEG2, is an activator of MAO B (Ou et al. 2004 ) which promotes apoptotic cell death (Wang et al. 2007 ). We have previously reported that exposing neuronal cells (in vitro) to ethanol (75 mM) increased the expression of TIEG2 and MAO B catalytic activity, while ethanol in the presence of an MAO B inhibitor (deprenyl) reduced the expression of both TIEG2 and MAO B and increased cell viability (Lu et al. 2008) . Recently, we found that ethanol also increased the levels of nuclear GAPDH and MAO B activity in brain derived cell lines (human glioblastoma and neuroblastoma). We have also revealed that GAPDH physically interacted with TIEG2, and this interaction was enhanced in the nucleus by ethanol but reduced by MAO B inhibitors in human brain- Fig. 2 The effect of ethanol on MAO B mRNA level and catalytic activity. Rats were fed with an ethanol diet or control diet for 28 days, and a the rat MAO B mRNA levels were determined by quantitative real-time RT-PCR, and b the rat MAO B catalytic activity was determined by enzymatic activity assay using the prefrontal cortex.
Data represent the mean ± S.D. of three independent experiments with 10 rats (n = 10) in each group. Controls were the untreated group, which were taken as 1 in a. The MAO B mRNA level and catalytic activity are significantly increased in the ethanol-treated group as compared to the untreated control group (* P \ 0.01 and # P \ 0.02) Fig. 3 The effect of ethanol on the expression of Bcl 2 anti-apoptotic protein. Rats were fed with ethanol diet or control diet for 28 days, and the protein levels of Bcl 2 in the prefrontal cortex were examined by western blotting. a Representative western blots showing the immunolabelling of Bcl 2 in the prefrontal cortex of 4 untreated controls and 4 ethanol-treated rats. The anti-actin antibody was used as the loading controls. b Quantitative analysis of western blot results. Each Bcl 2 protein band was evaluated by the relative intensity (relative optical density 9 pixel area) of its autoradiographic band and normalized to the density of actin. The graph of the average optical density of Bcl 2/actin for the individual subjects (triangles or squares) and mean values (horizontal lines) are shown with 10 rats (n = 10) for each the control group (triangles) and the ethanol-fed group (squares). Expression of Bcl 2 is significantly decreased in the ethanol-treated group as compared to the untreated control group (P \ 0.02)
Neurotox Res (2011) 19:511-518 515 derived cell lines (Ou et al. 2009a ). Thus, this newly identified GAPDH-TIEG2-MAO B-mediated brain cell death pathway may provide the new insights into drug design for the treatment of neurobiological diseases including alcohol-use disorders.
It is interesting to note that the GAPDH-TIEG2-MAO B cascade is up-regulated in the rat PFC following chronic alcohol treatment, because we have recently shown that in ethanol-preferring rats, both GAPDH and MAO B proteins are significantly increased by approximately twofold (P \ 0.02) for GAPDH and by~1.7-fold (P \ 0.05) for MAO B compared to normal controls as determined by western blot analysis (Ou et al. 2009b) . Our current study used the same rat model and experiment, and we found that TIEG2 protein expression is also significantly increased. More recently, we found that both GAPDH and MAO B proteins were significantly elevated in postmortem studies of PFC tissue of alcohol-dependent subjects (Ou et al. 2009b) . Because of the elevated levels of GAPDH and MAO B, it is possible that TIEG2 expression may be equally elevated in human subjects with alcoholism and needs to be investigated in the future. To our knowledge, this is the first report in animals to show increased TIEG2 protein in the PFC of rats fed with physiologically relevant amounts of ethanol.
In addition, we found that ethanol significantly increased MAO B catalytic activity by *1.37-fold (P \ 0.02; Fig. 2b ) as compared to untreated rats in this study, suggesting that ethanol-induced cell death is partially through MAO B-mediated oxidative stress because MAO B is the major H 2 O 2 generating enzyme (Ou et al. 2009a; Youdim and Lavie 1994) . The increase in H 2 O 2 induces cellular (oxidative) stress that can result in cytotoxicity (neurotoxicity) and apoptotic cell death.
Consistent with the increase in activation of the TIEG2-MAO B cell death pathway, we have found that the antiapoptotic protein Bcl-2 was reduced while the apoptotic protein caspase 3 was increased in ethanol-treated rats. Interestingly, these results are similar to another transforming growth factor inducible gene, TIEG1. TIEG1 has been reported to promote apoptosis (triggered by homoharringtonine or velcade) through the down-regulation of the Bcl-2 gene and activation of caspase 3 (Jin et al. 2007 ). Furthermore, TIEG1-induced apoptosis involved the release of cytochrome c from mitochondria into the cytosol and disruption of the mitochondrial membrane potential (Jin et al. 2007 ). However, whether TIEG2-mediated cell death (triggered by ethanol) also involve the release of cytochrome c and disruption of the mitochondrial membrane potential as seen in TIEG1-mediated cell death is unknown yet and needs to be investigated. In addition, a TIEG2-knockout mouse has been generated (Song et al. 2005 ) and can be a powerful tool to further characterize the TIEG2-mediated cell death mechanism induced by ethanol. Additionally, future studies should also examine the specificity of cell types regarding susceptibility to alcohol exposure.
In summary, we show that chronic ethanol consumption can significantly induce the expression of TIEG2 protein in the rat brain, and this increase is accompanied by corresponding increases in MAO B mRNA level and enzymatic activity. In addition, the anti-apoptotic protein Bcl-2 was Fig. 4 The effect of ethanol on the expression of caspase 3 apoptotic protein. Rats were fed with ethanol diet or control diet for 28 days, and the protein levels of active caspase 3 in the prefrontal cortex were examined by western blotting. a Representative western blots showing the immunolabelling of active caspase 3 in the prefrontal cortex of 3 untreated controls and 3 ethanol-treated rats. The antiactin antibody was used as the loading controls. B Quantitative analysis of western blot results. Each active caspase 3 protein band was evaluated by the relative intensity (relative optical density 9 pixel area) of its autoradiographic band and normalized to the density of actin. The graph of the average optical density of active caspase 3/actin for the individual subjects (squares or triangles) and mean values (horizontal lines) are shown with 10 rats (n = 10) for each the control group (squares) and the ethanol-fed group (triangles). Expression of active caspase 3 is significantly increased in the ethanol-treated group as compared to the untreated control group (P \ 0.05) reduced while the apoptotic protein caspase 3 was increased in ethanol-treated rats, which indicated that the initiation of cell death has occurred. Taken together, it suggests that the rat TIEG2-MAO B cell death pathway may contribute to chronic alcohol-induced brain tissue injury. The current chronic ethanol feeding paradigm in rats may also provide a suitable model to investigate the molecular pathophysiology of ethanol-induced brain damage in humans.
